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Introduction
Osteoporotic fractures are associated with increased morbidity and mortality, which impose a substantial socioeconomic burden both on the affected individual and healthcare services (1, 2) . Among possible fractures, hip fracture has the most devastating consequences (3, 4) . About half of these lead to a permanent disability, and approximately 20% of them are fatal (4) . The World Health Organization predicts that, between 2000 and 2050, the worldwide prevalence of hip fractures will increase from 1.66 to 6.64 million (5) . Therefore, identifying appropriate approaches that aim to prevent the risk of hip fractures is necessary. The pathogenesis of hip fracture is multifactorial and includes skeletal and nonskeletal risk factors (6) . Earlier studies have shown that impaired bone strength or a decline in bone mineral density (BMD) and injuries to bones all contributed to hip fracture (4) . Several factors, including changes in hormone levels, taking certain medications and lifestyle, have an effect on BMD and therefore affect hip fracture (1, 7) . Among various lifestyle factors, nutrients and dietary components have been suggested to have favourable impacts on bone health (2, 8) . Previous research has suggested that a healthy dietary pattern, rich in dairy products, fruits and vegetables, is associated with less bone resorption, and a poor dietary pattern full of refined sugar, red and processed meat is associated with a lower BMD (6, (8) (9) (10) (11) (12) . Several types of diet quality indices have been used to determine whether dietary factors are predictive of hip fracture incidence (13) . Among these indices, the Alternative Healthy Eating Index (AHEI) is the most frequent and validated index of diet quality (14, 15) . The AHEI evaluates the association between nutrient and dietary pattern with respect to a disease or health-related condition (14) . Three observational studies demonstrated an inverse association between adherence to the AHEI and risk of hip fracture (8, 13, 16) , whereas others did not find any association (13, 17) . Although there is some evidence for the association between AHEI scores and hip fractures, to the best our knowledge, no previous study has summarised the findings in this regard. Therefore, the present study aimed to systematically review the current evidence on the association between adherence to the AHEI and risk of hip fracture.
Materials and methods

Protocol
This systematic review was planned, conducted and reported in adherence to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards of quality for reporting meta-analyses (18) .
Search strategy
We searched the ISI Web of Science, PubMed and Scopus to identify eligible articles published in English up to March 2018. The following search keywords were used: ('alternative healthy eating index' OR 'eating indices' OR AHEI) AND (osteoporosis OR 'bone mineral density' OR BMD OR 'bone mineral content' OR 'fracture' OR 'bone diseases'). Initially, title and abstracts were screened by two authors (BP and MP) and potentially relevant articles were retrieved. Then, full texts were screened for inclusion and exclusion criteria. The search strategy was completed independently by two of the authors (MP and AS) and by screening the reference lists of qualified articles. Any disagreement concerning study selection or data extraction was resolved through consensus meetings.
Eligibility criteria
Articles found through ISI Web of Science, PubMed and Scopus searches were included in this dose-response meta-analysis based on the following inclusion criteria: (i) papers published in English; (ii) observational studies carried out on human subjects; (iii) exposure of interest comprising AHEI scores but where the outcome of interest was the risk of hip fracture; and (iv) risk ratio [relative risks (RRs)/odds ratios/hazard ratios and 95% confidence intervals (CIs)] being reported or possible to calculate. Review articles, case reports, theses, books and expert opinion articles were excluded. Multiple reports from the same cohort study were reviewed, and articles with the longest follow-up were included.
Study selection
Observational studies addressing the relationship between AHEI scores and risk of hip fractures were chosen for examination in this systematic review and dose-response meta-analysis.
Data extraction and assessment for study quality
Two authors (BP and MP) extracted the following information from the included studies: the first author's name, the year of publication, study design, sample size, age and gender of participants, the period of follow-up for cohort studies, exposure (AHEI scores), outcome (the risk of hip fracture), exposure and outcome assessment methods, most adjusted risk estimate with their corresponding 95% confidence intervals and adjusted confounding variables. When separate effect sizes for male and female participants were available in one study, we pooled the risk estimates using a fixed effect model before inclusion in the meta-analysis.
The Newcastle-Ottawa Scale (NOS) was used for assessing the quality of the included studies based on the following three major components: selection of the study participants, adjustment for confounding variables and assessment of outcome (19) . Higher NOS scores indicate better methodological quality.
Statistical analysis
The RRs and 95% CIs were considered as the effect size of all studies. For high versus low categories and linear dose-response meta-analyses, the fixed-effects or the random-effects model was used to calculate the summary risk estimate and 95% CIs and to account for heterogeneity with respect to associations between the AHEI scores and risk of hip fracture (20) . To explore heterogeneity between studies, we performed a chi-squared test (with I 2 > 50% considered to be heterogeneity) (21) . Moreover, to identify sources of heterogeneity, we stratified the meta-analysis by subgroups. The method of Greenland and Longnecker was used for the linear dose-response meta-analysis (22) (23) (24) . The unit of exposure (AHEI scores) was defined as 5 scores day À1 . A distribution of participants, cases and risk estimates across different categories of AHEI scores is needed for this method. Using the random-effects model, study-specific results were combined. The median point in each category of AHEI score was assigned. If medians were not reported, we estimated medians using the midpoint of the lower and upper bounds. If the highest category was open-ended, we considered it to have the same width as the closest category. The lower bound was considered equal to zero if the lowest category was open-ended. For those categories for which the mean of each category was reported, we considered the mean to be the same as the median.
The nonlinear relationships between AHEI scores and risk of hip fractures were examined nonparametrically with stepwise restricted cubic splines at fixed percentiles (5%, 35%, 65% and 95%) of the distribution (25) . Then, the study-specific estimates were combined using the restricted maximum-likelihood method in a multivariate random-effects meta-analysis (26) . A P-value for nonlinearity of the meta-analysis was calculated by testing the null hypothesis that the coefficient of the second spline was equal to zero. Furthermore, sensitivity analyses were performed to investigate the impact of each study on the overall results. The publication bias was explored using Egger 0 s test (27) . All statistical analyses were conducted using STATA, version 14.0 (StataCorp, College Station, TX, USA).
Results
Search results
The search strategy resulted in the identification of 1239 articles. Of these, 289 duplicates, 87 nonhuman, 108 non-English, 52 clinical trials, 153 reviews and 384 studies that did not fulfill our inclusion/exclusion criteria were identified and eliminated, leaving 166 for further consideration. The other 162 studies were excluded for the following reasons: 85 studies examined the association between dietary factors other than AHEI score and risk of fracture; 43 studies assessed the association between dietary supplements and risk of fracture; and 34 studies examined the association between serum biomarkers and fracture risk. In total, four articles met the eligibility criteria and were included in the systematic review (Table 1) . Of these, five effect sizes, obtained from four cohorts and one case-control study regarding the association between AHEI scores and risk of hip fracture, were selected for the dose-response meta-analysis. The outline of the search strategy is summarised in Fig. 1 .
Study characteristics
Three of the included articles (four effect sizes) used a cohort design (8, 13, 17) and one was a case-control study (16) . Two of the studies were conducted in the USA (13, 17) , one in China (16) and one in Singapore (8) . The sample size of studies varied from 1452 to 90 014. Three studies included both genders (8, 13, 16) and one study included only women (17) . The duration of cohort studies ranged from 9.9 to 32 years. All of the studies used a food frequency questionnaire (FFQ) as a dietary assessment tool. The risk of hip fracture was assessed by self-reported questionnaires (13) , medical records (8, 17) and X-ray images (16) . All studies provided adjusted risk estimates with 95% CIs. The NOS scores ranged from 6 to 9.
Alternative healthy eating index scores and risk of hip fracture
Studies that assessed adherence to AHEI and risk of fracture included 265 771 participants with 6938 cases of incident hip fracture. In this dose-response meta-analysis of five effect sizes, obtained from four studies, we found that adherence to AHEI was associated with a 31% reduced risk of hip fracture (pooled RR = 0.69; 95% CI = 0.52-0.91, I 2 = 89.8%, P heterogeneity < 0.001) (Fig. 2) . In subgroup analysis by study location (the USA versus Asia), we found that higher AHEI scores were associated with a decreased hip fracture risk in the USA (pooled RR = 0.90; 95% CI = 0.81-0.99) but not in Asia (pooled RR = 0.38; 95% CI = 0.11-1.25), suggesting that ethnic genetic background and lifestyle differences should be considered. Furthermore, subgroup analysis by study design (cohort studies versus case-control study) showed that RRs estimated by cohort studies (pooled RR = 0.83; 95% CI = 0.71-0.97) tended to be higher and more inconsistent than the overall results (pooled RR = 0.69; 95% CI = 0.52-0.91). In subgroup analysis by gender, we found that higher AHEI scores were associated with a decreased hip fracture risk in women (pooled RR = 0.90; 95% CI = 0.81-1.00) but not in men (pooled RR = 0.88; 95% CI = 0.67-1.16) and both sexes (pooled RR = 0.38; 95% CI = 0.11-1.25), suggesting that participant gender might influence the association between nutrition and hip fracture risk.
Each additional daily 5 scores of AHEI were inversely associated with risk of hip fracture (pooled RR = 0.97; 95% CI = 0.95-0.99, I 2 = 90%, P heterogeneity < 0.001, n = 5). There was evidence of a nonlinear dose-response association for hip fracture (P nonlinearity < 0.001, n = 5). The risk of hip fracture decreased with an increasing intake of AHEI scores (Fig. 3) . 
Sensitivity analysis and publication bias
Influence analyses showed that no study had a substantial effect on the pooled RRs and 95% CIs (Fig. 4) . We performed Egger's test to check for publication bias, which showed no evidence of publication bias for the association between AHEI scores and risk of hip fracture (P value for Egger's test, 0.189).
Discussion
Although bone mineral density and the risk of fractures are determined by a combination of heritability, ageing, hormonal factors and physical activity level, nutrition plays an important role in bone health (28) . In this doseresponse meta-analysis of four studies, we found that increased adherence to AHEI was associated with a 31% reduced risk of hip fractures. In the linear analysis, a negative relationship was present between the AHEI scores and risk of hip fracture. Furthermore, there was a clear indication for nonlinearity between the AHEI scores and risk of hip fracture.
Our findings are in agreement with previous systematic reviews and meta-analyses conducted mostly on Mediterranean diet score, nutrient and food intake (7, 28, 29) . The Mediterranean diet and AHEI dietary measures have similarities because both of them include fruits, vegetables and whole grains, although there are also distinctive differences (30) (31) (32) . The Mediterranean diet promotes the intake of fish and monounsaturated fat, largely from olive oil, whereas the AHEI emphasises a low intake of sodium, processed and red meats and a high intake of polyunsaturated fatty acids. To the best of our knowledge, this is the first systematic review and meta-analysis of previously published studies to evaluate the association between AHEI score and hip fracture risk.
In the linear dose-response analysis, we observed a 3% reduction in the risk of hip fracture by each additional daily 5 scores of AHEI. The nonlinear analyses showed that the risk of hip fracture was reduced with increasing AHEI scores. Multiple mechanisms have been proposed to explain the beneficial effect of AHEI on bone health. The high AHEI scores are typically characterised by a high consumption of vegetables, fruit, whole grains or fibre, nuts, legumes, fish or long-chain polyunsaturated fatty acids, moderate alcohol intake, and a low consumption of sugar-sweetened beverages, fruit juice, sodium, processed and red meat (8, 16) . This type of diet is rich in alkalinising cations (calcium, potassium and magnesium), antioxidants (vitamins, minerals and phytochemicals with antioxidant characteristics), vitamin K, folate and antiinflammatory compounds, such as long-chain n-3 polyunsaturated fatty acids, and poor in saturated fatty acids (16) . These nutrients are considered to be involved in the aetiology of fractures.
For example, antioxidants that are abundant in vegetables and fruits can reduce oxidative stress, which is important for osteoblastic differentiation (33) (34) (35) . Longchain n-3 polyunsaturated fatty acids may benefit bone structure and strength by increasing insulin-like growth factor I levels, calcium absorption and lean body mass (36) (37) (38) (39) . Conversely, saturated fatty acids from processed and red meat may induce calciuria and deleteriously affect osteoblast formation or bone mineralisation (40) . Epidemiological studies also suggested that traditional dietary patterns rich in vegetables, fruit, whole grains, nuts, legumes and fish were associated with a lower risk for fractures, and western dietary patterns rich in saturated fat, red and processed meat were associated with a higher risk for fractures (41) (42) (43) (44) (45) . However, the evidence of a link between intakes of any single dietary nutrients and fracture risk is not sufficiently secure to make firm dietary recommendations, with the exception of vitamin D and calcium. The biological functions of these dietary components (vitamins, minerals and phytochemicals) are interdependent in vivo (45, 46) . Furthermore, the higher AHEI scores indicate that a higher consumption of vegetables, fruit, whole grains, legumes, nuts and long-chain n-3 fats and a low consumption of sugar-sweetened beverages, fruit juices, red and processed meat were associated with lower concentrations of biomarkers of inflammation such as C-reactive protein and interleukin-6 (47) (48) (49) , which might reduce osteoclast bone resorption rates and increase bone mineral density (50) . Additionally, a diet high in plant-based foods, such as fruits and vegetables, may also have effects on the acidbase status (8) . Foods such as vegetables and fruit with a low potential renal acid load may supply organic molecules such as magnesium, potassium and bicarbonate to decrease urinary excretion of calcium and improve mineral balance in the bone (51) (52) (53) . By contrast, a diet high in sucrose and animal fat impaired the density and strength of bones, suggesting possible detrimental effects from refined sugar and saturated fat on bone health (54) (55) (56) . Together, these mechanisms may explain our findings indicating that healthy dietary patterns rich in plantbased foods had a favourable effect on lowering fracture risk. Alternative healthy eating index, scores per day Figure 3 The nonlinear dose-response relationship between alternative healthy eating index (AHEI) scores and risk of hip fracture. The risk of hip fracture decreased with increasing intake of AHEI (as an indicator of diet quality) scores. Epidemiological evidence suggests that fracture rates vary geographically (17) . Genetic background and lifestyle differences, including physical activity level and diet quality, may be part of the explanation for regional and local discrepancies. Median age-standardised fracture rates are highest in North America and Europe, followed by Asia, Middle East, Oceania, Latin America and Africa (57) . Global indicators of health, socio-economic status and education are positively correlated with fracture rates, suggesting that lifestyles in developed countries might contribute to hip fracture (57) . To the best of our knowledge, this is the first dose-response meta-analysis to examine the relationship between AHEI score and risk of hip fracture. This metaanalysis has several strengths. The dose-response analysis offers advantages over the conventional methodology. A large sample size (265 771 participants with 6938 cases of incident hip fracture) and a long duration of followup (9.9-32 years) enhanced the statistical power of this meta-analysis. However, the present study contains some limitations. Misclassification of dietary intake could be a great concern. Two studies assessed the AHEI score based on self-administered FFQ (13, 17) , and some participants might change their dietary habits during followup. Diagnosis and classification methods could result in a misclassification bias for hip fracture. One study assessed the incidence of hip fracture based on selfreported questionnaires (13) . Moreover, one study was a case-control study (16) and thus was susceptible to multiple biases, such as selection bias, recall bias and referral bias.
Conclusions
The findings from this meta-analysis indicate that adherence to AHEI (as an indicator of diet quality) is negatively and dose-dependently associated with hip fracture risk.
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